Journal Pre-proof J o u r n a l P r e -p r o o f Abstract Chit inase 3-like 1 (Chi3L1) p lays a major role in the pathogenesis of inflammatory diseases. We investigated the effect of Chi3L1 knockout on stroke development. Ischemia/reperfusion was induced by middle cerebral artery occlusion (M CAO) in Ch i3L1 knockout and wildtype mice. Significantly increased infarct volu me and decreased neurological deficit scores at 24 hours after ischemia/ reperfusion were found in Ch i3L1 knockout mice co mpared to wildtype mice. Moreover, ischemic neuronal cell death was increased in Chi3L1 knockout mice through increased oxidative stress and release of IL-6 and IL-1β but IL-10 and IL-4 were reduced.
Introduction
Stroke is the third most common cause of human death in modern society (Iadecola and Anrather, 2011) . Recently, it was found that the neuroinflammatory and immune react ions that occur after stroke can aggravate cellular damages (Amantea et al., 2015) . Neuro inflammation is a key element in the pathogenesis of ischemic stroke (Wong and Crack, 2008) . Neuroinflammation in cerebral vessels main ly involves interactions between injured endothelial cells and activated immune cells after ischemia/reperfusion. The init ial ischemic challenge triggers the expression and release of chemo kines fro m endothelial cells; the chemo kines facilitate the infiltrat ion of peripheral immune cells into the brain during reperfusion (del Zoppo, 2009) . It is well known that pro-inflammatory cytokines stimu late and aggravate brain inflammation but anti-inflammatory cytokines inhibit the expression of pro-inflammatory cytokines and lead to the resolution of inflammat ion after ischemic stroke (Park et al., 2014) . It has been reported that the expression of TNF-α, IL-6, and IL-1β mRNA was significantly increased in the rat ischemic cortex following temporary occlusion of the middle cerebral artery (M CAO) with reperfusion (Waje-Andreassen et al., 2005; Wang et al., 1994) . Moreover, IL-1α, IL-6, and IL-1β (proinflammatory cytokines) are reportedly increased in stroke patients (Zeng et al., 2013) .
Microglia are immune cells of the brain. A series of studies have demonstrated the neuroinflammatory responses of microglia at various stages in the development of many diseases of the nervous system, including stroke, Parkinson's disease (PD), and Alzheimer's disease (AD) (Doorn et al., 2012; Mosher and Wyss-Coray, 2014; Rogers et al., 2007) . Microglia can be div ided into a classical pro-inflammatory state (M1) and an alternative anti-inflammatory state (M2) (Nakagawa and Chiba, 2015) . An imbalance of microglial functional polarization is imp licated in the pathogenesis of a wide variety of CNS disorders, including mu ltip le sclerosis J o u r n a l P r e -p r o o f M2c phenotype upon interleukin 10 (IL-10) exposure with amplified exp ression of transforming growth factor β1 (TGFβ 1) and sphingosine kinase 1 (SPHK1) (Latta et al., 2015) . Moreover, several studies have shown that the M2 population is neuroprotective after stroke (Hu et al., 2012; Jin et al., 2014; Suenaga et al., 2015) . The protective effect of the M2 phenotype is mediated predo minantly via the ability to engulf debris and promote the repair and regeneration of brain tissue after cerebral ischemia.
During ischemia, various pathogenic mechanisms contribute to neuronal damage including generation of free radicals (Abramov et al., 2007; Allen and Bayraktutan, 2009) . React ive o xygen species (ROS) are well known to have a crit ical ro le in brain damage after a stroke (Liu et al., 2012) . Several animal studies have revealed that glutathione-SH (GSH) has protective effects against ischemic brain injury. Overexp ression of superoxide dismutase (SOD) in transgenic mice and rats reduced apoptosis in transient focal ischemia stroke models (Fu jimu ra et al., 2000; Sugawara et al., 2002) . Conversely, an investigation involving SOD knockout mice resulted in mortality within 24 h of MCA O and increased infarct volu me co mpared to wild-type controls (Kondo et al., 1997) . Reduced GSH and SOD levels have been associated with an increased stroke risk (Weisbrot-Lefkowit z et al., 1998) . In addition, so me clinical studies demonstrate that GSH levels are reduced in stroke patients' brains (Demirkaya et al., 2001; Namba et al., 2001; Park et al., 2000) . M 1 and M2 populations of microglia are most often induced by several CNS insults, and chronic pathological conditions are characterized by a collapse of balance in the continuous activation; prolonged predominance of M 2 act ivation hampers a sufficient immune responses, whereas predominance of the M1 phenotype is thought to lead to excessive ROS production and neuroinflammation (Cherry et al., 2014) . A recent study postulated that J o u r n a l P r e -p r o o f
Assessment of neurological deficit score
Neurological deficits were evaluated as reported by Longa et al. Scoring was based on the five types of disorder; (1) failure to extend the left forepaw, (2) decreased grip strength of forepaw, (3) circling left induced by pulling the tail, (4) spontaneous circling, and (5) falling down. A rating of 1 point was given for each assessment, and then the scores were totaled. Neurological function assessment was performed by an investigator blinded to the experimental groups.
Rota-rod test
The rota-rod test was performed 1 day after surgery. Mice were placed on a rota-rod t readmill rotating at 10 rp m for 3 min and the time to fall was measured. The mice were trained before the experiment to remain on a 25-mm diameter rod rotating at 10 rp m fo r 120 s. Two or three trials were sufficient fo r the animals to learn this task.
Morphometric determination of infarction volume
For detection of the ischemic infarct ion area of the brain, the cross-sectional infarction area on the surfaces of each brain slice was defined using the 2, 3, 5-triphenyltetrazoliu m ch loride (TTC) staining method.
After 2 h of reperfusion, the mice were transcardially perfused with 0.9 % buffered saline. The brain was then removed and cut into 2 mm serial slices starting 1 mm fro m the frontal pole. The coronal slices were then immersed in a 2 % phosphate-buffered solution for 50 min at 37 ℃. After TTC staining, the slices were fixed in a 10 % phosphate-buffered formalin, and the infarction area was then determined by an image analyzer using the Leica QWin program (Leica M icrosystems Imaging So lutions Ltd., Cambridge, UK). The infarct area (mm2) fro m each 2-mm th ick brain slice was determined using an image program (Scion image, Scion Corporation, MD), and then the infarct volume o f the whole brain (mm3) was calculated as the sum of all the slices' (seven slices in each brain) infarct areas' volu me × thickness (2 mm). The relative in farction volu mes were calculated by the percentage of control brain infarction volume.
J o u r n a l P r e -p r o o f minutes at 2000 × g and microglia were collected fro m the interface between the 70% and 50% Percoll layers.
Microglia were washed and re-suspended in sterile filtered PBS or FA CS buffer. Each brain ext raction yielded approximately 3 × 10 5 viable cells. Based on previous characterization, cells isolated by Percoll density separation were referred to as enriched microglia and were plated on poly -L-lysine-coated 162 cm 2 culture flasks in growth med iu m (DM EM supplemented with 20% FBS, 3.7 g/L sodium bicarbonate, 200 mM glutamine, 100 U/ ml penicillin G, 100 μg/ ml streptomycin, 0.25 μg/ml fungizone, and 50 μg/ml gentamicin).
Mixed glia cultures were maintained at 37° C with 95% hu mid ity and 5% CO2 and growth mediu m was replenished every third day until confluence. the mixed glia cultures were shaken at 120 rev/min and 37° C for 3.5 h to harvest microglia fro m the confluent cell layer. Cells were co llected, counted by trypan blue staining, and plated at a density of 1 × 105 cells per 500 μl on poly-L-lysine coated 24-well plates. After 48 h, microglia were washed twice with serum-free DM EM (gro wth mediu m without FBS) and supplemented with warm seru m free DMEM containing the experimental treatments.
. RNA isolation and quantitati ve real-time RT-PCR
Tissue RNA was isolated fro m the homogenized hippocampus using RiboEX (Gene All, Seoul, Korea), and total RNA (0.2 μg) was reverse-transcribed into cDNA accord ing to the manufacturer's instructions using Applied Biosystems (Foster City, CA, USA). Fo r the quantitative, real-t ime, reverse transcriptase poly merase chain reaction (PCR) assays, the linearity o f the amp lificat ions of iNOS, CD86, IL-6, IL-1β, Arg 1, Mrc1, IL-10, IL-4Ra and GAPDH cDNAs was established in preliminary experiments. All signal mRNAs were normalized to β-actin mRNA. cDNAs were amp lified by real-time PCR in duplicate with the QuantiNova SYBR green PCR kit (Qiagen, Valencia, CA, USA).
. Western blot analysis
The brain tissues were homogenized with lysis buffer (PROPREP; iNt RON, Sungnam, Korea; n=8 mice per group) and centrifuged at 2,500×g for 15 min at 4 ℃. Equal amounts of total protein (40 μg) isolated fro m brain tissues were resolved on 8% or 10 % sodiu m dodecyl sulfate polyacrylamide gels and then transferred to nitrocellulose membranes (Hybond ECL; A mersham Pharmacia Biotech, Piscataway, NJ).
Membranes were incubated at roomtemperature for 2 h with the following specific antibodies: anti -COX-2, anti-JAK1, anti-p-JAK1, anti-JAK3, anti-p-JAK3, anti-STAT6, anti-p-STAT6 (Cell Signaling Mol Neurobiol Technology, Inc., Beverly, MA), anti-inducible n itric o xide synthase (Alcolea et al.) , anti-g lial fib rillary acidic J o u r n a l P r e -p r o o f protein (GFAP) (1:1,000 Novus Biologicals, Inc., Littleton, CO), anti-BAX, anti-cleaved caspase-3 (1:1,000; Santa Cruz Biotechnologies, Inc., Santa Cru z, CA). Blots were then incubated at room temperature for 2 h with, corresponding peroxidase-conjugated anti-mouse or anti-rabbit antibodies (1:2,000; Santa Cru z Biotechnology, Inc., Santa Cruz, CA). Immunoreactive proteins were detected using an enhanced chemilu minescence (ECL) Western blotting detection system. The relative density of the protein bands was scanned densitometrically using My Image (SLB, Seoul, Korea) and quantified by Lab Works 4.0 (UVP, Upland, CA).
. Immunohistochemical staining
After being anesthetized with diethyl ether, subgroups of mice were transcardially perfused with 50 ml saline. The b rains were removed fro m the skull and postfixed in 4 % paraformaldehyde for 24 h at 4 ℃. The brains were transferred to 30 % sucrose solutions. Subsequently, brains were cut into 25 μm sections with a cryostat microtome (Leica CM1850; LeicaM icrosystems, Seoul, Korea). After mu ltip le washes in PBS, endogenous peroxidase activity was quenched by incubation of the samples in 3 % hydrogen peroxide in PBS for 30 min, followed by a 10-min wash in PBS. The sections were then incubated for 2 h at roo m temperature with a rabbit/ mouse polyclonal antibody against GFAP and, ionized calciu m binding adaptor mo lecule 1 (Iba1) (1:300; Novus Biologicals, Inc., Littleton, CO). After incubation with the primary antibodies, sections were washed in PBS before being incubated for 1 h at roo m temperature in the presence of biotinylated goat antirabbit or anti-mouse Ig G secondary antibodies (1:1,000; Vector Laboratories, Burlingame, CA). Sections were then washed with PBS and incubated with avidin -peroxidase complex (Vector Laboratories, Burlingame, CA) fo r 30min before the immunoco mplex was visualized using the chromogen 3,3-d iaminobenzidine (Vector Laboratories, Bu rlingame, CA). Sections were then counterstained with hemato xy lin. Finally, sections were dehydrated in ethanol, cleared in xylene, and covered with Permount (n=8 mice per group).
J o u r n a l P r e -p r o o f GFAP, and Iba-1 in the brains of MCAO-in jured Ch i3L1 KO mice was much higher than in WT mouse brains ( Fig. 3A ). There were no differences in inflammatory protein expression between the sham Chi3L1 WT and KO groups.
IL-6, IL-1β, IL-4 and IL-10 all p lay important roles in inflammatory diseases; because these cytokines could be released by ischemia/reperfusion, we examined the cytokine levels using our an imal model. The b rains of MCAO-in jured Ch i3L1 KO mice had elevated IL-6 and IL-1β levels compared to those of WT mice (Fig. 3C ).
However, IL-4 and IL-10 levels significantly decreased in MCAO-injured Chi3L1 KO mouse compared to WT mouse brains ( Fig. 3D ).
Effect of Chi3L1 on ROS generati on and MDA level by ischemia/reperfusion in Chi3L1 KO mouse brains
It was well known that ischemia/reperfusion induces lipid o xidation by forming a high ROS level, which is a critical factor fo r neuroinflammat ion and neuronal cell death. Therefore, we co mpared H 2 O 2 generation and lipid o xidation in M CAO mouse brains. The H 2 O 2 level was increased MCAO injured Ch i3L1 KO mouse brains compared to WT mouse brains (Fig. 4A ). The MDA levels were also higher in M CAO-injured Chi3L1 KO mouse brains (13.5 μM ) co mpared to the WT mouse brains (8.7 μM) ( Fig. 4B ). However, the GSH/GSSG ratios were lower in MCAO injured Chi3L1 KO mouse brains ( Fig 4C) .
Effect of Chi3L1 on inflammatory protein expression in Chi3L1 siRNA treated BV-2 cells
We transfected BV-2 cells with Chi3L1 siRNA (20 pM) one day before treatment with TNF-α and IFN-γ (20 nM) for 2 hours. There was no significant difference with transfected Chi3L1 siRNA (20 pM) alone.
Treatment with TNF-α and IFN-γ increased iNOS, COX-2, and Iba-1 levels. Knockdown of Chi3L1 further increased their expression compared to treatment with TNF-α and IFN-γ (Fig. 5A ).
Effect of Chi3L1 on M1 and M2 microglial polarization in the microglia isolated from Chi3L1 KO mouse brains
We hypothesized that exaggerated microglial activation in Ch i3L1 KO mice is related to a reduced sensitivity to anti-inflammatory cytokines that impair the transition fro m an M 1 phenotype to an M2 phenotype.
To begin to address this hypothesis, we used adult mice were used in an init ial set of studies to determine the expression of microglial genes associated with classical activation (M 1), alternative activation (M 2a), and Journal Pre-proof J o u r n a l P r e -p r o o f classic deactivation (M2c) (Mantovani et al., 2004) . Fig. 6A showed the relative mRNA expression of M1 genes in microglia isolated fro m Chi3L1 KO mouse brains 24 h after M CAO; namely CD86, inducible nitric o xide synthase (Alcolea et al.) , IL-6 and IL-1β, M2a genes: mannose receptor (Mrc) and arginase1 (Arg1) and M2c genes IL-10 and IL-4 receptor-alpha (IL-4Rα). As expected, ischemia/reperfusion increased the mRNA levels of all M1 genes (CD86, iNOS, IL-6, and IL-1β ) in microglia fro m Ch i3L1 KO mice co mpared to WT mice (Fig.   6A ). However, mRNA levels of M2a (Arg1, M rc1) and M 2c (IL-10, IL-4Rα) genes were significantly decreased in KO mice compared to WT mice (Fig. 6B ).
Effect of Chi3L1 on M1 and M2 microglial polarization in BV-2 cells
We also studied the effect of Chi3L1 on microglia polarizat ion in cultured BV-2 cells. We transfected the BV-2 cells with Chi3L1 siRNA (20 pM) one day before the treat ment with TNF-α and IFN-γ (20 nM). First, we determined the level of Chi3L1 level in cultured Microglia cells. As shown in Supplementary Fig. 2B , the Chi3L1 level were decreased by siRNA treat ment. There was no significant effect of Chi3L1 siRNA (20 pM) transfection alone on the exp ression of M1 and M 2 marker mRNAs . Treat ment with TNF-α and IFN-γ increased M1 (iNOS, CD86, IL-6, and IL-1β) and M2 (Arg 1, Mrc1, IL-10, and IL-4Rα) gene mRNA levels and knockdown of Chi3L1 fu rther increased M1 gene mRNA levels. Ho wever, knockdown of Chi3L1 reduced TNF-α and IFN-γ-induced M2 genes mRNA levels (Fig. 7A, B ).
Effect of Chi3L1 on IL-4 receptor pathway in the Cihi3L1 KO mice brain and in BV-2 cells
It has been reported that Chi3L1 binds to IL-13R, and thus transduces signals involved in several pathological changes including microglia polarization. However, the expression of IL-13Rα1 and IL-13Rα2 was not changed in Chi3L1 KO mouse brains even in the ischemia/reperfusion state. We thus studied IL-4Rα expression since IL-4Rα cooperates with IL-13Rα in the polarizat ion of microglia. IL-4Rα is also a significant factor for M 2 po larizat ion in microglia. When IL-4 b inds IL-4Rα that phosphorylated STAT6 and t ranscript M2 related genes. Moreover, it is well known that cytokines control the polarizat ion of microglia in vivo. IL-6 and IL-1β pro mote M1 states and IL-4 and IL-10 pro mote M2. We investigated the expression of IL-4Rα by western blot analysis. The IL-4Rα exp ression levels were significantly decreased in Ch i3L1 KO mouse brains after ischemia/ reperfusion compared with levels in WT mouse brains. Moreover, expression of the downstream signals of IL-4 receptors (p-JAK1, p-JA K3, and p-STAT6) was also decreased in Chi3L1 KO mouse brains (Fig.   8A ). In addition, treat ment with TNF-α and IFN-γ increased the expression of IL-4Rα, p -JAK1, p-JAK3, and p-Journal Pre-proof J o u r n a l P r e -p r o o f STAT6 in BV-2 cells. In contrast, knockdown of Chi3L1 reduced their expression ( Fig. 8B ).
Effect of AS1517499 on Chi3L1-mediated M2 polarization in BV-2 cells
To investigate the involvement of the STAT6 pathway in Ch i3L1 mediated M2 polarization, we measured the effect of a STAT6 inhib itor on IL-4Rα, CD86 (an M1 marker), and Arg1 (an M2 marker) expression levels after knockdown o f Chi3L1 in BV-2 cells. Treat ment of siChi3L1-transfected BV-2 cells with TNF-α and IFN-γ-increased IL-4Rα and Arg1 expression; in contrast the expression of IL-4Rα and Arg1 was decreased but CD86 expression was unchanged in siChi3L1-transfected BV-2 cells (Fig. 9A ). Next, we evaluated the effect of AS1517499 on the Chi3L1-mediated M2 differentiat ion in BV-2 cells. We exposed the BV-2 cells to AS1517499 (100 nM) for 24 h and then treated them with TNF-α and IFN-γ (20 nM) for another 2 hours. By FA CS analysis, exp ression of IL-4Rα, CD86, and Arg1 was increased by treat ment with TNF-α and IFN-γ (20 nM). While the cells transfected with siChi3L1 had decreased expression of IL-4Rα and Arg1, the decreased expression of the M2 marker was abolished by AS1517499, in contrast, CD86 exp ression was unchanged by AS1517499 ( Fig. 9B) J o u r n a l P r e -p r o o f
Discussion
Previous studies have shown that Chi3L1 induces various neurodegenerative diseases such as Alzheimer disease, Parkinson's disease and mult iple sclerosis (Alcolea et al., 2015; Clemens et al., 1996; Mollgaard et al., 2016) . Ho wever, our results unexpectedly showed that Chi3L1 KO aggravated ischemia/ reperfusion damage. Behavior disorder was increased in the Chi3L1 KO mice, acco mpanied by increased neuroinflammatory cytokine and ROS levels and apoptotic neuronal cell death in the brain. Increased ischemia/ reperfusion-induced brain damage of the Chi3L1 KO transgenic mice could be related to the greatly decreased M2-polarized microg lia but slightly increased M1 microglia in Chi3L1 KO co mpared to WT mice after ischemia/reperfusion. However, the mechanisms are not clear. M1 activation is characterized by the up-regulation of the production of ROS (Biber et al., 2014) .
Moreover, M1 macrophages produce ROS to facilitate the killing of phagocytosed bacteria (West et al., 2011) .
In ischemic stroke, M1-like phenotypes cause neuronal loss by increasing phagocytosis of viable neurons through the accumulation of high levels of ROS (Sierra et al., 2013) . In contrast, the M2-like phenotypes attenuate oxidative damages after stroke by suppressing the levels of ROS (Faustino et al., 2011) . It has also been reported that intravascular administration of M2 microglia preconditioned by optimal o xygen -glucose deprivation directly pro moted functional outcomes in rats after ischemic (Kanazawa et al., 2017) . Moreover, M2-like phenotypes induced anti-o xidative responses by increasing the levels of GSH and heme o xygenase-1 (de Bilbao et al., 2009; Schaer et al., 2006) . Thus, M2-polarized microglia may be neuroprotective, whereas M1polarization of microglia may result in neuronal damage. In this study, we found that there are high H 2 O 2 and MDA levels in Chi3L1 KO mouse brains co mpared to WT mouse brains (Fig. 3A, B) . Moreover, the GSH level was higher in Ch i3L1 WT mouse brains than in KO mouse brains (Fig. 3C) . Thus, the higher level o f o xidative stress in Chi3L1 KO mice could may suppress the microglial M2-like phenotype thereby causing brain damage after ischemia/reperfusion. Microglia are ab le to recognize harmful stimu li and respond by producing inflammatory cytokines such as TNF-α, IL-6, IL-1β, IFN-γ, and several chemokines (Boche et al., 2013) . This cytokine production is essential for the M1 polarizat ion of microglia however, IL-10 and IL-4 pro motes M2 microglial cells (M ills et al., 2000) . It has been reported that M2 phenotypes reduce M1 cytokines and other inflammatory mediators (Mantovani et al., 2004; Mosser and Edwards, 2008) . Additionally, subcutaneous or intraventricular administration of IL-4 induces the polarization of endogenous microglia to M2-like characteristics and thus Journal Pre-proof J o u r n a l P r e -p r o o f improves functional outcomes after ischemic stroke (Liu et al., 2016; Zhao et al., 2015) . In th is study, we found that production of M1 microglial cells cytokines such as IL-6 and IL-1β was increased by ischemia/reperfusion in Ch i3L1 KO mice, but the production of M2 macrophage cytokines such as IL-4 and IL-10 was decreased compared to their production in WT mice (Fig. 4B) . The polarization of the M1 phenotype is characterized by the higher expression of IL-6 and IL-1β and lower exp ression of IL-10 (Fenn et al., 2012) . In contrast, the M2 phenotype usually release IL-10 and IL-4 as well as other inflammatory med iators such as Mrc1 and Arg1 (Fenn et al., 2012; Martinez et al., 2009) .
In this study we investigated mRNA levels of microglia l polarization factor. There were no significant differences in the M1 and M2 polarization markers in microglia isolated in normal state Ch i3L1 WT and KO mice. However, microglia isolated fro m ischemia/reperfusion-injured Chi3L1 KO mouse brains expressed higher iNOS, CD86, IL-6, and IL-1β mRNA levels than microglia isolated fro m WT (Fig. 5A) . However, the mRNA levels of Arg1, Mrc1, IL-10, and IL-4Rα were great ly decreased in microglia isolated from Chi3L1 KO mice co mpared to WT (Fig. 5B ). In addition, the same result was obtained in BV-2 cells (Fig. 6A, B) . A previous study showed that M2-like microglia were attenuated in ischemic stroke patients (Taguchi et al., 2015) .
Together, these results indicate that Chi3L1 is crit ical for microglia l polarizat ion to M2 status. Thus, Chi3L1 knockout could aggravate brain damage by decreasing M2 microglial polarization and release of inflammatory cytokines. Each value is presented as mean ± SD fro m five mice brain. #, P<0.05: significant difference fro m Sham WT mice and *P<0.05 significant difference from MCAO WT mice. Figure 1 . Effect of Chi3L1 on ischemia/reperfusion induced brai n infarction. Brain infarct ion after ischemia/reperfusion caused by the occlusion of the bilateral co mmon carotid artery. The brain infarct ion was detected in brain slices cut at 6-mm away fro m the frontal pole by the 2, 3, 5-triphenyltetrazoliu m chloride staining. The white part of brain represents quantitation of infarction area. 
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